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In this study, a new cement-based composite with high early strength and toughness was developed by 
the addition of micro-fine steel fibre (MSF) in sulphoaluminate cement (SAC). The new composite is 
termed as MSF reinforced SAC composite (MSFRSC). The mechanical behaviour of MSFRSC was 
experimentally investigated, the flexural toughness and ductility of MSFRSC was evaluated. It was found 
that the compressive strength, flexural strength, shear strength, flexural toughness and ductility of 
MSFRSC were significantly influenced by the curing time and volume fraction of MSF. The compressive 
strength, flexural strength and shear strength of MSFRSC increased with the increase of curing time, 
especially during the first three days. The flexural strength and shear strength of MSFRSC improved 
significantly with the increase of the volume fraction of MSF. The flexural toughness of MSFRSC 
significantly improved and the ductility slightly improved with the increase of the volume fraction of MSF 
from 0.0% to 2.0%. The flexural toughness slightly increased and the ductility slightly decreased with the 
increase of the curing time from 1 day to 28 days. Also, the recommendations of different codes for the 
evaluation of the flexural toughness and ductility of MSFRSC were compared. The recommendations in 
ASTM C1609 fully reflected the flexural toughness and ductility of MSFRSC. The recommendations in JG/
T 472-2015 distinguished the influence of MSF on the pre-peak and post-peak flexural load-deflection 
behaviours of MSFRSC. A simplified approach based on JG/T 472-2015 was proposed to evaluate the 
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 35 
Abstract: In this study, a new cement-based composite with high early strength and toughness was 36 
developed by the addition of micro-fine steel fibre (MSF) in sulphoaluminate cement (SAC). The new 37 
composite is termed as MSF reinforced SAC composite (MSFRSC). The mechanical behaviour of 38 
MSFRSC was experimentally investigated, the flexural toughness and ductility of MSFRSC was 39 
evaluated. It was found that the compressive strength, flexural strength, shear strength, flexural 40 
toughness and ductility of MSFRSC were significantly influenced by the curing time and volume 41 
fraction of MSF. The compressive strength, flexural strength and shear strength of MSFRSC 42 
increased with the increase of curing time, especially during the first three days. The flexural strength 43 
and shear strength of MSFRSC improved significantly with the increase of the volume fraction of 44 
MSF. The flexural toughness of MSFRSC significantly improved and the ductility slightly improved 45 
with the increase of the volume fraction of MSF from 0.0% to 2.0%. The flexural toughness slightly 46 
increased and the ductility slightly decreased with the increase of the curing time from 1 day to 28 47 
days. Also, the recommendations of different codes for the evaluation of the flexural toughness and 48 
ductility of MSFRSC were compared. The recommendations in ASTM C1609 fully reflected the 49 
flexural toughness and ductility of MSFRSC. The recommendations in JG/T 472-2015 distinguished 50 
the influence of MSF on the pre-peak and post-peak flexural load-deflection behaviours of MSFRSC. 51 
A simplified approach based on JG/T 472-2015 was proposed to evaluate the flexural ductility of 52 
MSFRSC. 53 
 54 
Keywords: Sulphoaluminate cement; Micro-fine steel fibres; Strength; Flexural toughness and 55 
ductility 56 
 57 
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Research Highlights  58 
∗ A new cement based composite (MSFRSC) with high early strength and toughness was developed. 59 
∗ The mechanical behaviour of MSFRSC was experimentally investigated. 60 
∗ The flexural and shear strength of MSFRSC were improved by the addition of MSF. 61 
∗ The flexural toughness of MSFRSC was improved significantly by the addition of MSF. 62 
∗ The flexural toughness of MSFRSC was evaluated based on different codes.  63 
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1. Introduction  64 
Sulphoaluminate cement (SAC) is well known for its high early strength, fast setting, and high frost 65 
and permeation resistance. The SAC has been widely used in the rapid construction and repair of 66 
existing structures [1, 2], structures exposed to sub-zero temperature [3], as well as water retaining 67 
structures [4, 5] in the last few decades. Compared to the ordinary Portland cement (OPC), SAC is 68 
green cement with lower CO2 emissions [6, 7, 8]. It uses industrial waste materials during the 69 
manufacturing process [9, 10]. Therefore, SAC is considered a suitable alternative to OPC and has the 70 
potential for wider applications in the environmentally sustainable construction industry [11].  71 
 72 
Significant research attentions have been devoted in recent years on the SAC due to its superior 73 
mechanical properties. Ding et al. [12] developed high performance ultra-early strength SAC grout by 74 
using superplasticizer, early strength agent and anti-moisture dispersant. The test results showed that 75 
SAC grout achieved 8-hour compressive strength of 40 MPa and 28-day compressive strength of 65 76 
MPa. Ma et al. [13] mixed nano-SiO2 into SAC based composite materials to investigate the 77 
flowability and the compressive and flexural strength of the paste. It was found that the compressive 78 
and flexural strength of specimens increased and the flowability of paste decreased with the increase 79 
of nano-SiO2 content in the paste. The compressive strengths at 8 hours and 28 days were 65.7 MPa 80 
and 92.1 MPa, respectively. The flexural strengths at 8 hours and 28 days were 8.5 MPa and 9.4 MPa, 81 
respectively. Li et al. [14] blended magnesium potassium phosphate cement (MKPT) and calcium 82 
sulphoaluminate cement (CSA) to develop a blended system (CSA-MKPT), which was cured in 83 
various relative humidity and temperatures. Li et al. [14] investigated the mechanical properties of 84 
CSA-MKPT. It was found that the humidity hardly had any effect on the compressive strength of 85 
CSA-MKPT. The compressive strengths of CSA-MKPC cured for 7 days with SAC contents of 20%, 86 
30% and 40% of the weight of the MgO were 78.05 MPa, 74.75 MPa and 65.73 MPa, respectively, at 87 
a curing temperature of -5 ℃. Chen et al. [15] developed a new artificial reef concrete (NARC) with 88 
SAC, sea sand, sea water and other admixtures. The measured compressive strengths of NARC cured 89 
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for 3 days, 7 days and 28 days were 55.3 MPa, 63.3 MPa and 71.3 MPa, respectively. The 90 
compressive strength at 3 days was nearly 80% of the compressive strength at 28 days.  91 
 92 
Although a significant number of studies were carried out on the development of SAC, the SAC-93 
based composites are typically brittle in nature. For the OPC concrete, the most effective way of 94 
reducing the brittleness and improving the toughness or ductility is the addition of steel fibre (SF) [16] 95 
in the concrete mix. Relatively low cost and high effectiveness of steel fibre, especially the micro-fine 96 
steel fibre (MSF), in enhancing the performance of concrete, make the MSF an attractive choice for 97 
the addition in OPC concrete. The MSF is made of drawn wire and coated with copper. The diameter 98 
of MSF usually varies between 0.2 mm and 0.3 mm. The tensile yield strength is usually more than 99 
2000 MPa. Compared to ordinary SF, MSF has the advantages of having a larger number of fibres per 100 
kilo, higher tensile strength and easier dispersion. The MSF was used to prepare the reactive powder 101 
concretes with the ultra-high compressive strength of more than 100 MPa. The addition of MSF 102 
improves tensile strength, flexural strength and ductility of the reactive powder concrete [17, 18, 19]. 103 
The effect of MSF on high performance alkali-activated slag/silica fume mortars was investigated by 104 
Aydin and Baradan [20]. The test results indicated that the alkali activated matrices achieved higher 105 
bond to the MSFs compared to OPC matrices and increase in the fibre content reduced the shrinkage 106 
cracking associated with the alkaline activation of slag systems. When MSF was used in  engineered 107 
cementitious composites with SAC, the cracking strength, tensile strength and maximum tensile strain 108 
at failure of the composites were increased. The individual crack width in the multiple-cracking stage 109 
was decreased with the addition of MSF [21]. Hence, MSF has the potential to improve the brittleness 110 
of SAC composite. 111 
 112 
In this study, a new cement-based composite with high early strength and toughness was developed 113 
by adding MSF in SAC. The new composite is named as MSF reinforced SAC composite (MSFRSC). 114 
The compressive strength, shear strength, flexural strength and flexural performance tests were 115 
conducted to investigate the effect of MSF volume fraction, curing time and water-binder ratio on the 116 
mechanical behaviour of MSFRSC. Afterward, the flexural behaviour of MSFRSC has been evaluated 117 
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based on the flexural load-midspan deflection curves and the flexural performance index calculated by 118 
the recommendations in different standards. 119 
 120 
2. Experimental program  121 
2.1. Materials 122 
The SAC used for all the mixtures was Grade P.O 52.5R according to GB20472-2006 [22]. The 123 
properties of cement provided by the manufacturer [23] are reported in Table 1. The natural river sand 124 
with the fineness modulus of 2.0 was used as fine aggregate. Silica fume with SiO2 content of 92% 125 
and apparent density of 150-250 kg/m
3
 was used as an additional admixture. The Naphthalene 126 
sulfonate formaldehyde condensate (FDN) was used as a water reducing agent with a water reducing 127 
ratio of 0.18-0.25. Both ends of the micro-fine steel fibre (MSF) used in this study were deformed, as 128 
shown in Fig. 1. The properties of MSF provided by the manufacturer [24] are reported in Table 2.   129 
 130 
2.2. Test parameters and mixture proportions  131 
The aim of this study is to investigate the effects of MSF volume fraction ( fρ ), weight ratio of water 132 
to binder ( /w b ) and curing time ( t ) on the mechanical behaviour of SAC composite. The /w b  ratio 133 
was taken as 0.22, 0.24 and 0.26 to achieve the target compressive strength of more than 40 MPa at 1-134 
day curing. The MSF volume fraction ( fρ ) was taken as 0.0%, 1.0% and 2.0%. The curing time ( t ) 135 
was set as 3 hours (3 h), 6 hours (6 h), 9 hours (9 h), 12 hours (12 h), 1 day (1 d), 3 days (3 d), 7 days 136 
(7 d) and 28 days (28 d) for investigating the early and normal performance of MSF reinforced SAC 137 
composite (MSFRSC). Five groups of MSFRSC were used in this study. The mix proportions are 138 
listed in Table 3.  In the group name in Table 3, A, B and C represent the weight ratio of water to 139 
binder ( /w b ) of 0.22, 0.24 and 0.26, respectively. Afterward, the number 0, 1 and 2 represent the 140 
volume fraction of MSF ( fρ ) of 0.0%, 1.0% and 2.0%, respectively. The binder included cement and 141 
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silica fume. The amount of FDN (Naphthalene sulfonate formaldehyde condensate) in all the groups 142 
was 2.0% of cement by weight. 143 
 144 
2.3. Specimen preparation 145 
The MSFRSC was mixed using a shaft mixer. At first, SAC, silica fume and sand were mixed in the 146 
shaft mixer for 3 minutes. Afterward, MSF was added and mixed for another 3 minutes. Finally, water 147 
and FDN were added and mixed for another 5 to 6 minutes to obtain the desired mortar with no 148 
segregation. The mixing process of MSFRSC is shown in Fig. 2.  149 
 150 
For every curing period, three prism specimens of 40 mm ×40 mm ×160 mm were cast using steel 151 
moulds for the compressive strength and flexure strength tests. Three prism specimens of 100 152 
mm×100 mm×300 mm were cast using plastic moulds for shear strength test. Three prism specimens 153 
of 100 mm×100 mm× 400 mm were cast using plastic moulds for flexural toughness test. All 154 
specimens were vibrated on a vibration table for 30 seconds to ensure adequate compaction. After 1 155 
hour, the specimens were demoulded. Then, the specimens were cured in standard curing room 156 
(approximately a relative humidity of 95% and a temperature of 20° C) until the time of testing.   157 
 158 
2.4. Test procedure 159 
The compressive strength and flexural strength tests were conducted according to GB/T17671-1999 160 
[25]. A universal testing machine with a capacity of 300 kN was used for the compressive strength 161 
and flexural strength tests, as shown in Fig. 3. At first, the 40 mm×40 mm×160 mm prism specimens 162 
with the span length of 100 mm were loaded in the middle to measure the flexural strength. The 163 
loading rate was 50 N/s (Fig. 3a). Afterward, the two parts of each fractured prism specimen were 164 
placed on the test setup with a compression area of 40×40 mm to test the compressive strength at a 165 
loading rate of 2.4 kN/s (Fig. 3b). 166 
  167 
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The 100 mm×100 mm×300 mm prism specimens were tested for shear strength according to 168 
JG/T472-2015 [26] by using a universal testing machine with capacity of 500 kN, as shown in Fig. 4. 169 
The two cross-sections of the prism specimen were sheared at a loading rate of 0.08 MPa/s.  170 
 171 
The 100 mm×100 mm ×400 mm prism specimens were tested for flexural performance (toughness 172 
and ductility) according to JG/T472-2015 [26] and ASTM C1609 [27]. The test was conducted by 173 
using a universal testing machine with a capacity of 2000 kN. The third-point loading was applied on 174 
the prism specimen with a loading rate at 0.1 mm/min. To achieve accurate net deflection at the 175 
midspan excluding the effects of seating or twisting of the specimen on its supports, the specimens 176 
were surrounded by a rectangular jig. The jig was clamped to the specimen at the mid-depth directly 177 
over the supports. Two linear variable displacement transducers (LVDTs) were mounted on the jig at 178 
midspan, (one on each side), to measure the midspan deflection (Fig. 5). The average of the two 179 
measurements represented the midspan deflection. The load was recorded by a load transducer with a 180 
capacity of 100 kN. All the readings (load and deflection) were collected by a data logger at every two 181 
seconds.   182 
 183 
3. Results and discussion 184 
3.1. Compressive and flexural strength 185 
The average compressive strength (
c
f ′ ) and average flexural strength (
f
f ) of MSFRSC at the curing 186 
time ( t ) from 3 h to 28 d are presented in Table 4. It can be seen that for the addition of MSF by 187 
volume  from 0.0% (Group B0) to 1.0% (Group B1),  the compressive strength of MSFRSC increased 188 
by 4.8%, 11.8%,11.3% and 13.9% for specimens cured for 3 h, 12 h, 3 d and 7 d, respectively, as 189 
shown in Fig. 6(a). When the addition of MSF by volume increased to 2.0% (Group B2), the 190 
compressive strength of MSFRSC increased by 16.8%, 18.4%, 8.8% and 12.7% for specimens cured 191 
for 3 h, 12 h, 3 d and 7 d, respectively. Therefore, the addition of MSF of 1.0% by volume had the 192 
most significant positive effect on the improvement of compressive strength of MSFRSC, especially 193 
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at the curing time of 3 d and 7 d. The compressive strength of MSFRSC increased significantly for the 194 
addition of MSF of 2.0% by volume at the curing time of 3 h and 12 h. However, the rate of increase 195 
was not higher for the addition of MSF of 2.0% by volume at the curing time of 3 d and 7 d compared 196 
to the addition of MSF of 1.0% by volume, as the addition of MSF of 2.0% by volume might have 197 
caused an uneven distribution or balling of fibres, which partially compromised the reinforcing effect 198 
of the fibres. 199 
 200 
The addition of MSF significantly improved the flexural strength (
f
f ) of MSFRSC, as shown in Fig. 201 
6(b). For the addition of  MSF by volume  from 0.0% (Group B0) to 2.0% (Group B2), the flexural 202 
strength  of the specimens increased by 72.5%, 68.3%, 26.1% and 121.2% at the curing time of  3 h, 203 
12 h, 3 d and 7 d, respectively. The improvement of the flexural strength was significantly larger than 204 
the improvement of the compressive strength. The MSF mainly arrested the propagation of cracks and 205 
delayed the onset of cracks and improved the flexural strength of MSFRSC. 206 
 207 
For the specimens with the addition of 1.0% MSF by volume, when water-binder ratio ( /w b )   208 
increased from 0.22 (Group A1) to 0.26 (Group C1), the compressive strength  of the specimens 209 
decreased by 31.5%, 32.3%, 13.1% and 36.9% at the curing time of 3 h, 12 h, 3 d and 7 d, 210 
respectively, as shown in Fig. 7(a). The  flexural strength  of the specimens also noticeably decreased 211 
by 39.4%, 30.1%, 29.1% and 25.3% at the curing time of 3 h, 12 h, 3 d and 7 d, respectively, when 212 
/w b  ratio increased from 0.22 (Group A1) to 0.26 (Group C1), as shown in Fig. 7(b). This indicated 213 
that higher /w b  ratio reduced the compressive strength and flexural strength of MSFRSC. 214 
 215 
With the increase of curing time ( t ) from 3 h to 28 d, the specimens showed a continuous increase of 216 
the compressive strength and flexural strength for the addition of  1.0% MSF by volume, especially 217 
for the specimens cured for less than 3 d, as shown in Fig. 8. For Group B1 specimens, the 218 
compressive strength of the specimen cured for 3 d was 81.8% of the compressive strength of the 219 
specimen cured for 28 d. Also, the flexural strength of the specimen cured for 3 d was 71.7% of the 220 
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flexural strength of the specimen cured for 28 d. Group B2 specimens with the addition of 2.0% MSF 221 
by volume showed a similar increase in the compressive and flexural strength as observed for the 222 
addition of 1% MSF by volume for Group B1 specimens. The early development of compressive 223 
strength and flexural strength were positively influenced by the fast hydration of SAC. 224 
  225 
3.2. Shear strength 226 
The average shear strength (
s
f ) of MSFRSC specimens with the addition of MSF from 0.0% to 2.0% 227 
by volume and cured for 1 d, 3 d and 28 d are shown in Table 5. It can be observed that the shear 228 
strength of MSFRSC increased significantly with the increase of curing time from 1 d to 28 d. The 229 
shear strength of Group B1 specimens with 1.0% MSF by volume cured for 3 d attained 81.7% of the 230 
shear strength of specimens cured for 28 d. For Group B2 specimens, the shear strength of specimens 231 
with 2.0% MSF by volume cured for 3 d attained 73.6% of that cured for 28 d, as shown in Fig. 9(a). 232 
The specimens cured for 3 d, the shear strength increased with the increase of volume fraction of MSF 233 
from 0.0% to 2.0%, as shown in Fig. 9(b). The shear strength of Group B2 specimens was 1.75 times 234 
of the shear strength of Group B0 specimens which did not include MSF at curing time of 3 d. The 235 
reason for the improvement of shear strength was similar to the reason for the improvement of 236 
compressive strength and flexural strength. With the non-uniform distribution fibres across the 237 
potential shear damage section, the resistance of shear failure was provided by the cement matrix and 238 
fibres. When the shear failure occurred, the fibres were cut or pulled out. The tensile and shear 239 
strength of steel fibres are much higher than those of cement matrix. Hence, with the increase of fibre 240 
content, the shear resistance provided by the steel fibre increased and the shear strength of the 241 
MSFRSC increased. 242 
 243 
3.3. Flexural load-midspan deflection curve 244 
3.3.1. Effect of MSF 245 
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Figure 10 presents the flexural load-midspan deflection curves of specimens with 0-2.0% MSF by 246 
volume cured for 1 d, 3 d and 28 d. Due to the absence of MSF, Group B0 specimens cured for 28 d 247 
failed suddenly after reaching the peak load. However, Groups B1 and B2 specimens with MSF 248 
showed a ductile failure with a descending post-peak flexural load-midspan deflection branch, 249 
representing a ductile response after the peak flexural load. For the addition of MSF of 2.0% by 250 
volume, Group B2 specimens showed greater load carrying capacities than Group B1 specimens with 251 
1.0% MSF by volume. Moreover, due to the development of bond between MSF and SAC matrix, the 252 
reinforcing effect of 1.0% to 2.0% MSF by volume increased with increasing curing time ( t ) from 1 d 253 
to 28 d (Figure 10). It is noted that the specimens with 1.0% and 2.0% MSF by volume at the same 254 
curing time showed a similar midspan deflection at the flexural peak load with similar shape of the 255 
flexural load-midspan deflection curves. This phenomenon reflects that the effect of increasing MSF 256 
influenced the load carrying capacity more than it influenced the ductility. 257 
  258 
3.3.2. Effect of curing time 259 
Fig. 11 presents the flexural load-midspan deflection curves of specimens with 1.0% and 2.0% MSF 260 
by volume cured for 1 d, 3 d and 28 d. The increase of the curing time ( t ) substantially improved the 261 
peak flexural load and corresponding midspan deflections, as shown in Fig. 11(a) and 11(b). However, 262 
the post-peak descending branches of the flexural load-midspan deflection cures were steeper with the 263 
increase of the curing time. Therefore, the longer curing time can increase the load carrying capacity, 264 
but may reduce the flexural ductility of MSFRSC. 265 
 266 
3.4. Flexural toughness index 267 
Four methods recommended by ASTM C1018 [28], ASTM C1609 [27], JSCE SF-4 [29] and JG/T 268 
472-2015 [26] can be used to evaluate the flexural toughness for fibre reinforced composites. Since 269 
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the initial cracking load required by ASTM C1018 is difficult to be captured [30], the other three 270 
methods were adopted herein to evaluate the flexural toughness of MSFRSC. 271 
 272 
3.4.1. Flexural toughness and ductility index calculated by ASTM C1609 [27] 273 
The ASTM C1609 [27] defines the total area under the flexural load-midspan deflection curve up to 274 
L/150 (L is beam span; L=300 mm for this test) as flexural toughness
150
D
T  (N·mm). The equivalent 275 
flexural strength ratio ,150
D
TR  can be calculated by Eq. (1): 276 
2
150
,150
1
150
100%
D
D
T
T
f bh
R = ×                                                        (1) 277 
where 1f  is the first peak flexural strength (MPa); b  is the width of the specimen ( 100 mmb = for 278 
this test); h  is the height of the specimen ( 100 mmh =  for this test). The flexural toughness 150
D
T  and 279 
the equivalent flexural strength ratio ,150
D
TR  calculated by Eq. (1) for the specimens tested are shown 280 
in Table 6 and Fig. 12.  281 
 282 
The flexural toughness, 150
D
T  reflects the energy absorption capacity of MSFRSC, as shown in Fig. 12. 283 
With the increase of the curing time from 1 d to 28 d, the flexural toughness increased slightly by 284 
11.09% and 3.25%, respectively for the addition of 1.0% and 2.0% MSF by volume. With the increase 285 
of the addition of MSF from 1.0% to 2.0% by volume, the flexural toughness increased significantly 286 
by 38.55%, 35.70% and 28.77%, respectively for 1 d, 3 d and 28 d curing. At every curing time, 287 
Group B2 specimens had much higher 150
D
T  than Group B1 specimens, which revealed the important 288 
effect of MSF on the flexural toughness 150
D
T .   289 
 290 
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The equivalent flexural strength ratio, ,150
D
TR of MSFRSC calculated from the test results are shown in 291 
Fig. 12. The equivalent flexural strength ratio, ,150
D
TR of MSFRSC slightly increased by 19.26%, 0.87% 292 
and 1.60%, respectively for 1 d, 3d and 28 d curing with the increase of the addition of MSF from 1.0% 293 
to 2.0% by volume. The ,150
D
TR slightly decreased by 4.69% and 18.80%, respectively for the addition 294 
of 1.0% and 2.0% MSF by volume with the increase of the curing time from 1 d to 28 d. The ,150
D
TR  295 
reflected the flexural ductility of MSFRSC determined by the plump degree (fat or thin) of a flexural 296 
load-midspan deflection curve. Thus the ,150
D
TR did not indicate the height (tall or short) of the curve, 297 
i.e., peak load or flexural strength. Therefore, the flexural ductility of MSFRSC slightly increased 298 
with the increase of the addition of MSF by volume and slightly decreased with the increase of the 299 
curing time from 1 d to 28 d. It is noted that the ,150
D
TR  combined with 150
D
T  can fully describe the 300 
flexural performance (ductility and toughness) of MSFRSC.   301 
 302 
3.4.2. Flexural toughness index calculated by JSCE SF-4 [29]. 303 
The definition of flexural toughness specified in JSCE SF-4 [29] is the same as the definition of the 304 
flexural toughness specified in ASTM C1609 [27]. The flexural toughness factor ( FT ) according to 305 
JSCE SF-4 [29] can be obtained by Eq. (2): 306 
( /150)
2
( /150)
L
A L
FT
L bh
=                                                            (2) 307 
where ( /150)LA is the flexural toughness, N·mm; L is the span length, mm; b is the width of the 308 
specimen, mm; h is the height of the specimen, mm. 309 
 310 
Table 7 and Fig. 13 illustrate the flexural toughness and flexural toughness factor based on JSCE SF-4. 311 
It is evident that the flexural toughness, ( /150)LA and the flexural toughness factor, FT followed the 312 
similar order.  313 
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 314 
In order to make a clear comparison, Eq. (2) can be written as Eq. (3): 315 
( /150)
1 ,150 12
1
150
=
L D
T
A
FT f R f
f bh
= ×                                                            (3) 316 
 The FT is a comprehensive index combining the ductility index, ,150
D
TR , calculated according to the 317 
ASTM C1609 [27] and flexural strength, 1f . Therefore, FT is unable to independently reflect the 318 
ductility and it is similar to the flexural toughness. Also, the total area under the curve up to the end 319 
point deflection (L/150) was used to calculate the flexural toughness of MSFRSC, which was unable 320 
to distinguish between the pre-peak and post-peak flexural load-midspan deflection behaviours.   321 
 322 
3.4.3. Flexural toughness index calculated by JG/T 472-2015 [26] 323 
In order to distinguish the effect of the addition of fibre on the pre-peak and post-peak flexural load-324 
deflection behaviours, a new method is recommended by JG/T 472-2015 [26].  In JG/T 472-2015 [26], 325 
the equivalent initial flexural strength, 
e,p
f  (MPa), initial toughness index, 
e,p
R , equivalent residual 326 
flexural strength, 
e,k
f  (MPa), and residual toughness index, 
e,k
R , can be calculated by Eq. (4-7).   327 
p
e,p 2
p
=
L
f
bh δ
Ω
                                                                   (4) 328 
  
e,p
e,p
ftm
f
R
f
=                                                                        (5) 329 
p,k
e,k 2
p,k( / )
L
f
bh L k δ
Ω
−
=                                                          (6) 330 
e,k
e,k
ftm
f
R
f
=                                                                     (7) 331 
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where 
p
δ  is the midspan deflection at peak flexural load, mm; 
p
Ω  is the pre-peak flexural toughness 332 
(the pre-peak area under the flexural load-deflection curve up to 
p
δ ), N·mm; L  is the span length, 333 
mm; b is the width of the specimen, mm; h is the height of the specimen mm; ftmf is the flexural 334 
strength, MPa;
p,k
Ω  is 	the post-peak flexural toughness (the post-peak area under the flexural load-335 
deflection curve between 
p
δ to /L k , 500,  300,  250,  200 and 150k = ). The 
e,p
R and 
e,k
R can reflect 336 
the degree to which the fibre changes the pre-peak and post-peak behaviours, respectively, of 337 
MSFRSC.    338 
 339 
Table 8 and Fig. 14 present the test results calculated based on JG/T 472-2015 [26]. The residual 340 
toughness index 
e,k
R (
e,500
R , 
e,300
R , 
e,250
R ,
e,200
R and 
e,150
R ) showed almost the same order and are 341 
nearly in line with the order of ,150
D
TR  calculated according to ASTM C1609 [27]. The e,kR  342 
effectively reflected the ductility, but not the energy absorption.   343 
 344 
The deflection-hardening behaviour of MSFRSC specimens was observed for the midspan deflection 345 
between 0 to approximately 0.5 mm.  As shown in Fig. 14 and Table 8, the
e,500
R  of Group B2-1 d and 346 
Group B1-3 d was greater than 1.0, which revealed the deflection-hardening behaviour of MSFRSC 347 
and explained the little difference of 
e,k
R for 500k =  and 
e,k
R for 300, 250, 200 150andk = . For this 348 
method, the flexural toughness indices were calculated at some specified deflections ( /L k , 349 
500,  300,  250,  200 and 150 k = ). However, the calculation of flexural toughness index at various 350 
deflections was a complex and time-consuming procedure. As shown in Fig. 14 and Table 8, when 351 
300, 250, 200 and 150k = , 
e,k
R showed a consistent tendency. Therefore, the k  can be considered as 352 
k = 500 and k = 150. The flexural toughness index, 
e,k
R  for 500 k =  reflected the ductility at a 353 
minor deflection (less than 0.6 mm) and it also reflected the deflection-hardening behaviour of 354 
16 
 
MSFRSC. The flexural toughness index, 
e,k
R  for 150k =   reflected the overall ductility of MSFRSC 355 
at a major deflection (2.0 mm).  356 
 357 
4. Conclusions 358 
The mechanical behaviour of micro-fine steel fibre (MSF) reinforced sulphoaluminate cement (SAC) 359 
composite (MSFRSC) with varying water-binder ratios, curing time and MSF volume fractions has 360 
been experimentally investigated. Also, the flexural performance of MSFRSC has been evaluated 361 
according to the recommendations of three codes. Based on the experimental and analytical 362 
investigations, the following conclusions can be drawn: 363 
(1) Due to the fast hydration, the compressive, flexural and shear strength of MSFRSC were 364 
significantly improved with the increase of the curing time, especially in the first 3 days.   365 
(2)  The addition of MSF slightly improved the compressive strength of MSFRSC. With the increase 366 
of addition of MSF from 0.0% to 2.0% by volume, the effect of fibre obstructing cracks increased. 367 
The flexural and shear strength of MSFRSC were improved significantly, and the improvement of 368 
the flexural and shear strength was higher than the improvement of the compressive strength. 369 
Meanwhile, the increase of the addition of MSF was found to be beneficial for the improvement 370 
of early compressive strength.   371 
(3) The increasing water-binder ratio from 0.22 to 0.26 resulted in a decrease of the compressive and 372 
flexural strength of MSFRSC.  373 
(4) The failure mode changed from brittle to ductile by the addition of MSF. With the increase of the 374 
addition of MSF from 0.0% to 2.0% by volume, the flexural toughness of MSFRSC increased 375 
significantly and the ductility increased slightly. With the increase of the curing time from 1 day 376 
to 28 days, the flexural toughness of MSFRSC increased slightly but the ductility decreased 377 
slightly. 378 
17 
 
(5) The recommendations in ASTM C1609 [27] fully reflected the flexural toughness and flexural 379 
ductility of MSFRSC. The evaluating results of the flexural toughness of MSFRSC according to 380 
the flexural toughness factor (FT) in JSCE SF-4 [29] were similar to that according to the flexural 381 
toughness (
150
D
T ) in ASTM C1609 [27]. The recommendations of JG/T 472-2015 [26] 382 
distinguished the influence of the addition of MSF on the pre-peak and post-peak flexural load-383 
midspan deflection behaviours of MSFRSC. Also, the recommendations of JG/T 472-2015 [26] 384 
reflected the deflection-hardening behaviour by defining a flexural toughness index at a minor 385 
deflection.  386 
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Table 1  496 
Properties of SAC [24] 497 
/w c  /s c  
Compressive 
strength 
(MPa) 
Flexural 
strength 
(MPa) 
Setting time 
 (min) 
Surface 
area 
(m
2
/kg) 
Normal 
consistency  
Free 
calcium 
oxide 
1 d 3 d 1 d 3 d 
Initial 
setting 
Final 
setting 
0.45 3.0 43.8 55.9 6.6 7.1 27 32 455  24% 0% 
Note: /w c is the weight ratio of water to cement and /s c  is the weight ratio of sand to cement 498 
Mechanical properties were determined according to GB/T 17671-1999 [23].  499 
23 
 
Table 2  500 
Properties of MSF [25] 501 
Equivalent diameter 
(mm) 
Length (mm) Aspect ratio 
Tensile strength 
(MPa) 
Number per kilo 
0.22 13 60 2850 224862 
 502 
24 
 
Table 3  503 
Mix proportions of MSFRSC 504 
Group /w b
 
Fibre volume 
fraction
f
ρ  
Cement Water Silica fume Sand FDN 
A1 0.22 1.0% 1 0.242 0.1 1.2 0.02 
B0 0.24 0.0% 1 0.264 0.1 1.2 0.02 
B1 0.24 1.0% 1 0.264 0.1 1.2 0.02 
B2 0.24 2.0% 1 0.264 0.1 1.2 0.02 
C1 0.26 1.0% 1 0.286 0.1 1.2 0.02 
Note: All numbers are weight ratios to cement except fibre contents (volume fraction). The /w b  is 505 
the weight ratio of water to binder and FDN is naphthalene sulfonate formaldehyde condensate.  506 
 507 
25 
 
Table 4  508 
Average compressive strength and average flexural strength  509 
Group 
 Average compressive strength (
c
f ′ ) / Average flexural strength (
f
f ) （MPa） 
3 h 6 h 9 h 12 h 1 d 3 d 7 d 28 d 
A1 18.1/7.1   43.0/10.3  81.9/11.0 85.0/16.6 
 
B0 16.7/4.0   38.0/6.3  73.5/9.2 79.0/8.2 
 
B1 17.5/4.6 25.4/5.0 32.0/6.0 42.5/7.4 55.0/8.95 81.8/10.4 90.0/12.4 100.0/14.5 
B2 19.5/6.9   45.0/10.6  80.0/11.6 89.0/17.4 
 
C1 12.4/4.3   29.1/7.15  71.2/7.8 53.6/12.5 
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Table 5  510 
Average shear strength  511 
Group 
Average shear strength (
s
f ) (MPa) 
1 d 3 d 28 d 
B0  5.9  
B1 6.0 7.6 9.3 
B2 8.7 10.3 14.0 
27 
 
Table 6  512 
Flexural toughness and ductility index according to ASTM C1609 [28] 513 
Group Curing time 
Flexural toughness  
150
D
T  (kN·mm) 
Equivalent flexural strength ratio 
 ,150
D
TR  (%) 
B1 1 d 19.12 71.66 
B2 1 d 26.49 85.46 
B1 3 d 20.31 75.49 
B2 3 d 27.56 76.15 
B1 28 d 21.24 68.30 
B2 28 d 27.35 69.39 
Note: the reported values are the average value for each Group.  514 
 515 
28 
 
Table 7  516 
Flexural toughness index according to JSCE SF-4 [29] 517 
Group Curing time 
Flexural toughness  
( /150)L
A  (kN·mm) 
Flexural toughness factor  
FT (MPa) 
B1  1 d 19.12 2.86 
B2  1 d 26.49 3.97 
B1  3 d 20.31 3.04 
B2  3 d 27.56 4.13 
B1 28 d 21.24 3.18 
B2 28 d 27.35 4.10 
Note: the reported values are the average value for each Group. 518 
29 
 
Table 8 Flexural toughness index according to JG/T 472-2015 [26] 519 
Group 
Curing 
time e,p
R  e,500
R  
( / 0.6 mmL k = )
e,300R  
( / 1.0 mmL k = )
e,250R  
( / 1.2 mmL k = )
e,200R  
( / 1.5 mmL k = )
e,150R  
( / 2.0 mmL k = )
B1 1d 0.86 0.95 0.89 0.85 0.79 0.71 
B2 1d 0.89 1.02 0.98 0.96 0.92 0.85 
B1 3d 0.88 1.03 0.96 0.91 0.84 0.75 
B2 3d 0.92 0.99 0.92 0.88 0.83 0.76 
B1 28d 0.84 0.97 0.88 0.84 0.77 0.68 
B2 28d 0.76 0.97 0.87 0.83 0.78 0.69 
Note: e,pR is the initial toughness index; e,kR is the residual toughness index corresponding to the 520 
midspan deflection of /L k (where 500,  300,  250,  200 and 150k = ) and  L is the span length.  521 
The reported values are the average value for each Group. 522 
 523 
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 524 
Fig. 1 Micro-fine steel fibres525 
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 526 
Fig. 2 Mixing process of MSFRSC mixture 527 
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                        528 
(a)                                                         (b)                                                                                          (c) 529 
Fig. 3 Compressive and flexural strength test: 530 
 (a) Schematic representation of flexural strength, (b) Schematic representation of compressive strength and (c) Photo of the test  531 
 532 
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                     533 
                                                                                     (a)                                                                                                      (b)     534 
Fig. 4 Shear strength test: (a) Schematic representation and (b) Photo of the shear strength test 535 
34 
 
   536 
                                                                                           (a)                                                                                                      (b)     537 
Fig. 5 Flexural toughness test: (a) Schematic representation and (b) Photo of the test538 
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Fig. 6 Effect of volume fraction of MSF on: (a) average compressive strength, 
c
f ′  and (b) average 544 
flexural strength, 
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Fig. 7 Effect of water-binder ratios on: (a) average compressive strength, 
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Fig. 9 Average shear strength, 
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f with varying (a) curing time, t  and (b) MSF volume fractions, 
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Fig. 10 Flexural load-midspan deflection curves of specimens with the addition of MSF by volume at 570 
curing time: (a) 1 d, (b) 3 d and (c) 28 d 571 
40 
 
 572 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
4
8
12
16
20
F
le
x
u
ra
l 
lo
ad
 (
k
N
)
Midspan deflection (mm)
 Group B1-1 d  
 Group B1-3 d  
 Group B1-28 d
 573 
(a) 574 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
4
8
12
16
20
F
le
x
u
ra
l 
lo
ad
 (
k
N
)
Midspan deflection (mm)
 Group B2-1 d 
 Group B2-3 d  
 Group B2-28 d
 575 
(b) 576 
Fig. 11 Flexural load-midspan deflection curves of specimens with varying curing time added MSF: 577 
(a) 1.0% and (b) 2.0% by volume 578 
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Fig. 12 Flexural toughness and ductility index according to ASTM C1609 [27] 582 
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Fig. 13 Flexural toughness index according to JSCE SF-4 [29] 586 
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Fig. 14 Flexural toughness index according to JG/T 472-2015 [26] 590 
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